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Abstract The present chapter deals with the recent developments in green chem¬ 
istry approach using heterogeneous catalysts in heterocyclic synthesis. The process 
of heterogeneously catalysed reactions of furan, oxazoline, pyrazole, piperidine, 
piperazine, pyridine and their derivatives are discussed. 

Keywords Biocatalysis • Diastereoselective • Microwave-assisted reaction 


1 Introduction 

Chemical developments bring new environmental problems and harmful, unex¬ 
pected side effects [1]. The present economy remains utterly dependent on a mas¬ 
sive inward flow of natural resources that include vast amounts of nonrenewable 
[2] reverse flow of economically spent matter back to the ecosphere [3]. Chemical 
sustainability problems are determined largely by these economy-ecosphere mate¬ 
rials flows [4]. It has become imperative to the development of the technological 
dimension of a sustainable civilization [5]. In the 1980s and 1990s, several envi- 
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ronmentally conscious terms entered the chemical arena, e.g. clean chemistry, envi¬ 
ronmental chemistry, green chemistry, benign chemistry and sustainable chemistry. 
These terms are not well defined and are subject to a debate among chemists [6-7]. 

Modem organic synthesis eagerly demands methods that allow the preparation of 
target-relevant products from simple and readily available precursors in a rapid and 
economical fashion [8-10]. The use of hazardous catalysts and reagents is one of 
the most important aspects of eco-friendly chemistry. Reagent chemists are working 
towards the development of more benign and selective reagents that require ambi¬ 
ent conditions. The elimination of hazardous solvents is one of the prime concerns 
among them. In recent years, microwave-assisted organic synthesis (MAOS) has 
developed into a popular branch of synthetic organic chemistry [11-12]. One of the 
most fundamental obstacles in developing technologies is to minimize the energy 
consumption and to eliminate/minimize the use of hazardous solvents. 

Green chemistry provides the design and development of sequential processes 
that use a set of principles that eliminates or reduces hazardous substances in the 
manufacture, design and application of chemical products. It is a highly effective 
approach to pollution prevention [13-14]. Organic compounds that contain hetero¬ 
cyclic moieties are quite significant because of their interesting biological proper¬ 
ties [15-16]. Heterocyclic compounds form important building blocks for naturally 
occurring and biologically active compounds. The application of catalytic methods 
can have highly efficient catalytic efficiency and substrate generality [17]. Hetero¬ 
cyclic compounds have been extensively studied for their biological applications 
like antiviral, antibacterial, antifungal, antimalarial [18], antileukemic agents [19], 
antifertility activity, antitubercular, antipyretic, antitumor and anticancer [20]. 

Conventional methods of organic synthesis usually need longer heating time and 
elaborate and tedious procedures which result in higher cost of process, and the exces¬ 
sive use of solvents and reagents leads to environmental pollution [21-22]. Micro¬ 
wave-induced organic reactions have emerged as a new ‘lead’ in organic synthesis 
[23]. Microwave reactions under solvent-free conditions are attractive in reducing pol¬ 
lution, lowering the cost and offering high yields together with simplicity in processing 
and handling [24]. The salient features of the microwave approach are shorter reaction 
times, simple reaction conditions and enhancements in yields [25]. The microwave- 
enhanced chemical reactions are gaining importance due to the advantages and envi¬ 
ronmentally friendly processes they offer, as compared to conventional reactions [15]. 

Organic reactions focus on the number of atoms being transformed during the 
specific synthetic transformation from one phase to another. The intention of green 
chemistry is to present an illustrative approach as to how one evaluates a synthesis 
with regard to its environmental consequences. The precise nature of the specific 
starting organic material and the by-products has an overriding importance when 
evaluating the environmental aspects of a given synthetic sequence. The green 
chemistry approach minimizes the use of cumbersome separation, recrystallization, 
distillation, chromatography and other techniques which minimize the formation of 
undesired by-products. Toxicity of organic chemicals has a direct or indirect effect 
on global environmental problems, i.e. acute lethality, algal blooming, neurotoxicity, 
ozone depletion, endocrine disruptions and global warming. Wherever practicable, 
synthetic methodologies should be designed to use and generate substances that 
possess little or no toxicity to human health and the environment. Analytical meth¬ 
odologies need to be further developed to allow for real-time, in-process monitor- 
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ing and control prior to the formation of hazardous substances. Substances used in 
a chemical process should be chosen so as to minimize the potential for chemical 
accidents, including releases, explosions and fires. 

Heterocycles are important structural motifs of a wide range of natural substanc¬ 
es, compounds of pharmaceutical interest and commodity chemicals. Because of 
this, a large number of methods have been developed to provide access to almost 
every type of heterocyclic derivative. In this context, transition metal catalysis has 
played a remarkable and ever-growing role. Heterocyclic chemistry is no exception 
to this trend. Transition metal-catalysed reactions have been widely employed in the 
construction of heterocyclic rings providing increased functional group tolerance, 
simplified procedures and improved yields. 

Six-membered nitrogen-containing heterocycles (e.g., pyridines, piperidines and 
piperazines) are privileged structures that occupy a central role in bioorganic and 
medicinal chemistry [26-28]. Consequently, developing efficient regioselective and 
stereoselective methods to obtain these structures has attracted considerable atten¬ 
tion during the past decades. These types of heterocycles have been successfully 
synthesised by using a range of cycloaddition reactions [29-34]. However, the ob¬ 
tained structural diversity is often limited as a result of the partial access of com¬ 
mercially available starting materials. 

2 Synthesis of Heterocyclic Compounds 


Compounds classified as heterocyclic probably constitute the largest and the most 
varied family of organic compounds. Carbocyclic compounds, regardless of struc¬ 
ture and functionality, may in principle be converted into a collection of heterocy¬ 
clic analogues by replacing one or more of the ring carbon atoms with a different 
element. Even if we restrict our consideration to oxygen, nitrogen and sulphur, the 
permutations and combinations of such a replacement are numerous. 

3 Catalytic Applications in Heterocyclic Synthesis 


Biological activities of heterocyclic compounds play a crucial role in human life. 
The aim of this chapter is to design new, safer and environmentally benign meth¬ 
ods for the synthesis of heterocyclic compounds for biological applications. All 
procedures were carried out considering green chemistry principles such as reduc¬ 
ing waste generation, increasing atom economy, etc. In all attempts, commercially 
available and inexpensive starting materials, catalysts and reagents were used in 
order to make the processes more cost effective. 

3.1 Synthesis of Five-Membered Heterocycles 

3.1.1 Furan 

Formation of an aromatic ring: Reported pathways of decomposition of major 
wood components and the formation of new functional groups and condensed aro¬ 
matic units during the torrefaction [35^15] (Scheme 12.1). 
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Scheme 12.1 
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Biocatalyzed formation of chiral furane diols: Sufficient amount of 5 as an inter¬ 
mediate despite the higher amount of GDH applied via route A, the bottleneck was 
supposed to be at low activity of GDH towards furan compounds. In fact, in route 
B when Lb ADR was applied, with glucose dehydrogenase (GlucDH) for cofactor 
regeneration, this resulted in excellent isolated yields (87%) and enantioselectivity 
(>99% ee, (5)) [46-49] (Scheme 12.2). 


Route A 



3 (eq.) 



Biocatalytic formation of chiral furane-diols via route A. 40 mL phosphate buffer 50 mmol L-l, pH 
8.0, 5% v/v 2-MeTHF, 1.6 mmol furaldehyde, 4.8 mmol formaldehyde, 2.5mmol L-l MgS04, 0.15 
mmol L-l ThDP, 168 U BAL, 1500 U GDH, 95 U FDH, NADH/NAD+ 1 mmol L-l each 


Route B 



GlucDH 


Biocatalytic formation of chiral furan-diols. 40 mL phosphate buffer 50 mM, pH 8.0, 5% v/v 2- 
MeTHF, 1.6 mmol furaldehyde, 3.6 mmol glucose, 4.4 mmol CaC03, 4.8 mmol formaldehyde, 2.5 
mmol L-l MgS04, 0.15 mmol L-l ThDP, 168 U BAL, 50 U Lb-ADH, 2800 U GlucDH, 0.5 mmol L-l 
NADPH 

Scheme 12.2 

HMF oxidation reaction and mechanism: Hydroxymethylfurfural (HMF) oxi¬ 
dizes in the presence of a base (OH-) and a catalyst, either Pt or Au into HFCA, 
which on oxidation gives FDCA [50-53] (Scheme 12.3). 
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H MF oxidation schem e 



Scheme 12.3 


Iminium-7r interactions reaction: The enantioselective organocatalytic 1,4-addi¬ 
tion reaction of an electron-rich benzene to an a, p-unsaturated aldehyde and an 
intramolecular Diels-Alder reaction of a trienal has been reported to take place 
through the sequence of reactions shown in Scheme 12.4. The first step of this 
reaction is the formation of the intermediary iminium ion 10 from reaction of the 
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catalyst 9 with a, P-unsaturated aldehydes, followed by face-selective addition of 
the electron-rich benzene derivative to the iminium ion. The subsequent intramo¬ 
lecular Diels-Alder reaction proceeds to give a bicyclic aldehyde 11 bearing four 
stereogenic centres in 84% yield and 93 % ee [54-64] (Scheme 12.4). 



CHO 



OMe 


H 11 

84%, 93%ee 


Me 2 N 



CHO 


86%, 89%ee 


Enantioselective organocatalytic 1,4-addition reaction to an a,p-unsaturated 
aldehyde and an intermolecular Diels-Alder reaction. 

Scheme 12.4 

Formation of enones: Jorgensen reported conjugate additions of nitroalkanes and 
malonates to a, p-unsaturated enones using amine catalyst 13 to give the corre¬ 
sponding adducts 14 with good stereoselectivities [65-67] (Scheme 12.5). 
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Scheme 12.5 

Synthesis of pyrazinacenes: Hepp and Fischer first prepared 5,14-dihydro- 
5,7,12,14-tetraazapentacene 18 by direct condensation of 2,3-diaminophenazine 
hydrochloride 16 with o-Phenylenediamine 17. Wudl and co-workers developed 
a strategy for the synthesis of v^-substituted zwitterionic tetraazapentacenes. The 
preparation involved a double nucleophilic aromatic substitution of 1,5-difluoro- 

2.4- dinitrobenzene 19 with N-substituted-l,2-phenylenediamines 20 to give 

2.4- dinitrobenzene-1,5-diamines 21 in good yield. Hydrogenation of compounds 
21 followed by heating in ethanol in air gave the zwitterionic tetraazapentacenes 
22. Pyrazinacenes based on the pyrene moiety have also been prepared. Wang and 
co-workers developed a series of molecular ribbons with up to linearly fused aro¬ 
matic rings. Phenylenediamine 23 was condensed with pyrene-4,5,9,10-tetrone 24 
to give 25. A double condensation reaction between benzene tetramine and 25 gave 
26 containing linearly fused rings [68-71] (Scheme 12.6). 
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Scheme 12.6 
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Synthesis of aromatic/antiaromatic compounds: 6,13-Dihydro-6,13-diaza- 
pentacene 27 can be oxidized to the fully aromatic form 28 using />-Chloranil. 
As the length of the pyrazinacene is increased, the fully oxidized form becomes 
even less favoured; for example, the reduced dihydrodiazahexacene 29 cannot 
be oxidized either with />-Chloranil or with lead (IV) oxide. Also, as the number 
of fused pyrazine rings increases, the reduced form is increasingly favoured. The 
somewhat unusual stability of the antiaromatic compounds compared to their fully 
aromatic counterparts was investigated using computational techniques by Bunz 
and Schleyer. They synthesised two dialkynylated diazatetracenes (31, 32), which 
could be reversibly reduced/oxidized between the antiaromatic and aromatic forms 
[72-76] (Scheme 12.7). 

Chornail 


27 28 





29 


30 



H 2 /Wilkinsons 

Catalyst 


air 



3.1.2 Oxazoles 

Synthesis of 2-amino oxazole analogues (Method I): a-Bromination of ketones 
33 using copper (II) bromide followed by the treatment with excess urea in tert- 
butanol, and finally trimethylsilyl bromide (TMSBr)-mediated removal of the phos- 
phonate diethyl ester produced oxazole phosphonic acids 34 [77] (Scheme 12.8). 
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Reagents and conditions: i. CuBr 2 , EtOAc-CHCb; ii. Urea, tBuOH, 80°C; iii. TMSBr, CH 2 CI 2 . 

(Method II): a Bromination of ketones 35 using copper (II) bromide and cyclisa- 
tion of the resulting bromide with excess R 2 CONH 2 in te/7-butanol followed by 
TMSBr-mediated removal of the diethyl ester gave oxazoles 36 [77]. 

00 R 2 




Reagents and conditions: i. CuBr 2 , EtOAc-CHCl 3 ; ii. Urea, tBuOH, 80 °C; iii. TMSBr, CH 2 C1 2 . 


(Method III): Oxazoles with ester-linked phosphonic acids 38 that were pre¬ 
pared from pyruvate esters 37, which were obtained via Fischer esterification as 
previously reported, were brominated using copper (II) bromide and subsequently 
cyclised with urea followed by TMSBr-mediated deprotection of phosphonate 
diester gave oxazoles 38 [77]. 



Reagents and conditions: i. CuBr 2 , EtOAc-CHCb; ii. Urea, tBuOH, 80 °C; iii. TMSBr, CH 2 C1 2 


(Method IV): The phosphonic diamide prodrugs of the oxazole phosphonate 
FBPase inhibitor 39 were prepared using the dichloridate method [78]. 
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Reagents and conditions: i. S0 2 C1 2 ; ii. amine, Hunig’s base, CH 2 C1 2 
Scheme 12.8 

Palladium-catalysed reactions of allylamine derivatives with aryl halides: Pal¬ 
ladium-catalysed intramolecular arylative cyclisation reactions of A-Allylanilines 
with aryl halides to yield aziridines 44 (Z=Ph) and a similar reaction of TV-Allylacet- 
amides resulted in the selective formation of 5-benzyl-substituted oxazolines 45 
without contamination by the corresponding aziridines 44 (Z = CH 3 CO) [79-82] 
(Scheme 12.9). 



Scheme 12.9 

Effect of ligands on palladium-catalysed phenylative cyclisation reaction and 
competitive Mizoroki-Heck reaction: Palladium-catalysed intramolecular ary¬ 
lative cyclisation reactions of A-Allylacetamide 46 with bromobenzene afforded 
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benzyl-substituted oxazoline 47 in 75 % yield. The cyclisation reaction inevitably 
competed with the Mizoroki-Heck reaction, which yielded 48 as the only identifi¬ 
able by-product. Several ligands were screened, and bulky ligands are generally 
effective for the cyclisation (Scheme 12.10). 



46 (0.30mmol) 


2.5mol% Pd 2 (dba) 3 
5mol% ligand 
2.0equiv t-BuONa 
2.0 equiv PhBr 

toulene (3ml) 
reflux, 4h 




Scheme 12.10 


Scope of aryl halides: Aryl chlorides as well as aryl bromides participated in the 
reaction. Sterically demanding aryl bromides reacted smoothly. Electron-deficient 
fluorinated aryl bromides were also reactive. Aryl halides bearing a t-butoxycar- 
bonyl, diethylaminocarbonyl or a cyano group underwent the arylative cyclisation 
to yield the corresponding products in good yields. The reaction of 46 with electron- 
rich 4-bromoanisole 49 resulted in a modest yield of 50 and formation of a signifi¬ 
cant amount of Mizoroki-Heck by-product (Scheme 12.11). 




X (Br) 


2.5 mol% Pd 2 (dba) 3 
5mol% SPhos 
2.0equiv t-BuONa^ 

toulene (3 ml) 
reflux, time 



46 (0.30mmol) 49 1.2(equiv) 

Scheme 12.11 


50 


Diastereoselective cyclisation: A-Allylacetamides 46 that bear a stereogenic cen¬ 
tre at the allylic position were prepared and subjected to the arylative cyclisation 
reaction. The reactions proceeded smoothly with good diastereoselectivity. The 
major isomers have the larger R group and the newly formed benzyl group is in a 
trans relationship. The relative stereochemistries of 51 and 52 were determined by 
NOE analysis (Scheme 12.12). 
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2.5mol% Pd 2 (dba) 3 
5mol% SPhos 
2.0equiv t-BuONa 

toulene (3 ml) 
reflux, time 



46 (0.30mmol) 


51 (major) 


52 (minor) 


Scheme 12.12 


Transformation of oxazoline: 53 formed the amino alcohol derivatives 54 on 
opening of the ring with H 2 S0 4 . Reduction of 53 with diisobutylaluminium hydride 
provided 7V-Ethyl amino alcohol 55. Oxazoline was converted to acetamide 56 by 
acidic hydrolysis with trifluoroacetic acid. The overall transformation of 53 to 56 
represents the regioselective carbohydroxylation of 7V-Allylacetamide [83-84] 
(Scheme 12.13). 



53 


20 equiv H 2 SQ 4 
methanol, reflux, 5d 


6 equiv i-Bu 2 AlH 
toulene 

-78°C to 20°C, lh 


10 equiv CF 3 COOH 
C1CH 2 CH 2 C1/H 2 0= 10/1 

microwaves (300W) 
105°C, 8min. 


OH 



Transformation of oxazoline 


Scheme 12.13 
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Solvent effect on oxazoline hydroformylation: Solvent choice is important for 
achieving optimal rates and product selectivities in epoxide carbonylation and 
began by screening the hydroformylation of 4-methyl-2-phenyloxazoline in sol¬ 
vents of varying polarity and donicity. Solvents of moderate donicity such as tet- 
rahydrofuran, diethyl ether and 1,4-dioxane also provided only modest yields of 
the desired product, while the strongly coordinating solvent acetonitrile completely 
inhibited the reaction; of the solvents screened, toluene proved to be the highest 
yielding (Scheme 12.14). 


Ph 



Me 


57 58 

Scheme 12.14 

Hydroformylation of oxazolines to p-amidoaldehydes: Oxazoline 59 undergoes 
carbonylation to form oxazinones which under the pressure of hydrogen and carbon 
monoxide gives a complicated mixture of products and only a small amount of the 
desired p-amidoaldehyde 60 (Scheme 12.15). 

Ar 


O R O 



Scheme 12.15 

Effect of temperature on the hydroformylation of oxazoline: Oxazoline hydro¬ 
formylation is also impacted by temperature and pressure. As the reaction tempera¬ 
ture is lowered, an increase in the enantiomeric excess of p-amidoaldehyde 62 was 
observed. Also, an increase in % ee was observed when the total pressure of H 2 /CO 
was increased. Hydroformylation at temperatures below 70°C led to the formation 
of significant amounts of oxazinone (Scheme 12.16). 
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61 62 
Scheme 12.16 


Hydroformylation: Hydroformylation of the tryptophan-derived oxazoline 63 
led to the formation of tetrahydrocarbazole product 66. In the reaction pathway, 
p-amidoaldehyde product 64 is initially formed, which is followed by intramolecu¬ 
lar Friedel-Crafts hydroxyalkylation to give 65 (Scheme 12.17). 



H 2 /CO (1:1 ;82 atm) 

4 mol% C0 2 (C0) 8 

11= 0.25M in toulene 
80°C, h 


Friedel-craft 

hydroxylation 




Scheme 12.17 


3.1.3 Indole 

Synthesis of dehydrotryptophan: The amino acid tryptophan was first synthe¬ 
sised by Erlenmeyer’s method via the dehydrotryptophan intermediate. Ellinger 
et al. reacted indole-3-carbaldehyde 66 with the glycine derivative hippuric acid 67, 
after which hydrolysis of the azlactone intermediate 68 afforded the dehydrotrypto¬ 
phan intermediate 69 [85] (Scheme 12.18). 
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i) Ac 2 0, NaOAc 

ii) NaOH, H 2 0 

Scheme 12.18 

(i) Ac 2 0, NaOAc 

(ii) NaOH, H 2 0 

3.1.4 Pyr azole 

Synthesis of different substituted dienal-oximes and pyrazole: Addition of an 
activating group (e.g., chlorine, methoxy, etc.) at the 2 position of pyridine A-oxide 
70 gives a diverse set of functionalized dienal-oximes 71, which were used as start¬ 
ing materials in the synthesis of conjugated nitriles, aliphatic primary and secondary 
amines, enaminones and the substituted pyrazole 73 [86-88] (Scheme 12.19). 
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R = 2-Me, 4-Ph, 4-OBn, 4-OMe, 4-C1 
R = Aryl, heteroaryl, vinyl, alkynyl 

OBn 



Scheme 12.19 


3.2 Synthesis of Six-Membered Heterocycles 

3.2.1 Piperidines 

Piperidine is a widely used building block and chemical reagent in the synthesis of 
organic compounds, including pharmaceuticals. 

Synthesis of substituted piperidines: Charette and co-workers recently reported a 
method for the preparation of substituted piperidines from activated pyridines. The 
method is based on an iridium-catalysed asymmetric hydrogenation of 7V-Iminopyr- 
idinium ylides 74 for the synthesis of enantiomerically enriched piperidines 75 [89] 
(Scheme 12.20). 
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cc(2mol%) 
l 2 ( 2 mol%) 

H2 (400 psi) 

1^1 e 16-20 hours 
toulene, rt 

NBz 
74 

Scheme 12.20 

3.2.2 Piperazines 

Synthesis of piperazines: Madsen and co-workers recently reported an iridium- 
catalysed synthesis of piperazines from diamines 76 and diols 77. Another proce¬ 
dure is the hydrogenation of pyrazines which gives piperazine [90-91] (Scheme 
12 . 21 ). 





76 



0.5 mol% 
[Cp 1 lrCl 2 ] 2 ^ 

5 mol% NaHC0 3 
Water 


77 



H 78 

quant. 


Another procedure is the hydrogenation of pyrazines 79 which gives piperazine 80. 




CONH-f-Bu 


Rh/Josiphos (4%) 
H 2 (50 atm), 70°C*‘ 


79 



Scheme 12.21 
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Synthesis of piribedil: Direct alkylation of piperazine-substituted pyrimidine 
derivative 82 and benzyl alcohol derivative 81 in a 2:1 ratio gives piribedil 83 
(Scheme 12.22). 



81 (0.5M) 8 2 (0.5M) 


(i) wt% Au/Ti02(1.8mol%Au) 

50 bar, 200°C, 24h 

(ii) Recrystallisation (EtOH-mO) 

u 



83, 77% (79% conversion) 

Scheme 12.22 

3.2.3 Pyridine 

Pyridine has a conjugated system of six 7i-electrons that are delocalized over the 
ring. The molecule is planar and, thus, follows the Hiickel criteria for aromatic 
systems. 
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Grignard additions to pyridine N-oxides: Colonna and co-workers published the 
first report on the reaction between Grignard reagents and pyridine TV-oxide 84. 
They isolated 1,2-dihydropyridine 85 in 60-80% yield. The ring-opened dienal- 
oxime 87 was isolated in a low 28 % yield (Scheme 12.23). 



PhMgX 

THF 


Reported by Kato 



PhMgX Reported by Colonna 

THF 


X = Cl, Br 



Scheme 12.23 


MDP-catalysed cyanation: Heteroaryl substrates converted to their correspond¬ 
ing nitriles under MDP (l-r-methylenediperidine)-catalysed cyanation with best 
yields, such as 89 and 92 form 88 and 91, respectively (Scheme 12.24). 


Ar-Cl 


KCN, Pd(OAc) 2 , dpppe 
MDP-co catalyst 

Toulene, 160°C 


Ar-CN 


16h 




91% 


MeO 


.^N 




Cl 


MeO 



91 




92 


CN 


Scheme 12.24 
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